Abstract
Introduction
Helper CD4 ϩ T cells play a central role in triggering and problem. Currently, it is well established that IL-12 and IFN-γ (14,15), on the one hand, and IL-4 and IL-10 (16,17), on the controlling specific effector functions in infections. Two subsets of CD4 ϩ T cells have been described in mice that other, promote T h 1 and T h 2 responses respectively. However, the factors and the mechanisms that determine at the onset of produce distinct sets of cytokines (1) : the T h 1 subset, which secretes IL-2 and IFN-γ, and preferentially promotes cellan immune response which set of cytokines will be produced remain largely unknown. Depending on the experimental mediated immunity and IgG2a production by B lymphocytes, and the T h 2 subset, which secretes IL-4, IL-5, IL-10 and ILprotocol, several factors have been shown to play a role in polarizing the immune response: genetic background, route 13, and induces humoral immunity and IgG1 and IgE isotypes production (2) (3) (4) (5) (6) . In several infections, these cytokine profiles of immunization, type of antigen-presenting cells (APC), TCR and accessory molecules on T cells, and the antigen dose determine the outcome of the disease (7-9). In general, T h 1 responses are more effective against some intracellular among others (reviewed in 18). However, not a single factor seems to be the only determinant factor. pathogens (10,11), whereas T h 2 responses are more appropriate in helminth infections (reviewed in 12). Moreover, the The possibility that the antigen itself, depending on its proper nature, may play a role in polarization has been expression of an inappropriate profile can be deleterious and enhance the pathology in some diseases (7,13). Therefore it suggested by several authors. In particular, for allergens and parasite antigens, it has been proposed that they induce T h 2 is of the utmost importance to induce the appropriate type of immune response when developing vaccine or immunotype responses (18) (19) (20) (21) (22) . This idea is supported by studies showing that T cells from patients with allergic diseases or therapy strategies.
Understanding the mechanisms involved in the polarization helminth infections produce type 2 cytokines upon in vitro stimulation with the appropriate antigen(s). However, since of the immune response has proven to be a challenging in vivo primed T cells were used, these studies leave open lysate by overnight incubation in carbonate buffer, 0.1 M, pH 9.6 at 4°C. After washing with PBS, serial dilutions of sera the possibility that different factors, other than the antigen itself, were responsible for initiating a polarized immune were added, in PBS/0.1% Tween 20/0.5% gelatine for 2 h at room temperature. Plates were then washed with PBS/0.1% response.
In the present study, we examined whether two protein Tween 20, and biotin-conjugated goat anti-mouse IgG1 or IgG2a antibodies (Southern Biotechnology Associates, antigens of different origin (parasitic and bacterial) have the innate property to generate characteristic immune responses.
Birmingham, AL) diluted at 1/45,000 were added for 1 h at room temperature. After further washes, peroxidase-coupled Glutathione-S-transferase of Schistosoma mansoni (Sm28-GST) (23) is a major parasite protein representing~3% of the streptavidin (Jackson ImmunoResearch, West Grove, PE) was added for 30 min. Finally, after extensive washes, 50 µl of total parasite protein and a potent vaccine candidate against schistosomiasis (24, 25) . In parallel experiments, we examined substrate solution (1 mg/ml OPD; Sigma, St Louis, MO), 0.03% H 2 O 2 in 0.1 M citrate buffer, pH 5.0) was added to the wells. whether the tetanus toxin fragment c (TTc) had the capacity to polarize the immune response. In these experiments, mice
The color reaction was terminated by addition of 50 µl of HCl 3 N. Absorbance at 492 nm was measured using a Multiskan were immunized against these two protein antigens in different adjuvants or with S. typhimurium expressing these antigens MCC/340 spectrophotometer (Labsystems, Helsinki, Finland The specificity of the different ELISAs was confirmed by tained under pathogen-free conditions throughout the study. using positive and negative control sera. Results are expressed as sera titers. Titers are defined as the dilution Antigens and bacteria which gives an OD reading at least 2-fold higher than the Escherichia coli expressing recombinant Sm28-GST was culmean background value. tured in LB medium and recombinant protein was purified as RT-PCR previously described (26) . Recombinant TTc was obtained from Boehringer Mannheim (Meylan, France).
Spleens and inguinal lymph nodes were removed after cerTwo non-virulent Salmonella typhimurium AroA -strains, vical dislocation of mice, and stored immediately in RNAzol kindly provided by Drs C. Anjam Khan and C. Hormaeche (Bioprobe, Montreuil s/Bois, France). RNA was extracted from (Cambridge, UK), were used: SL3261 and SL3261 (pTech1-organs according to the manufacturer's instructions. Levels P28) expressing the TTc/Sm28-GST fusion protein (27) . Bacof cytokines mRNA were assessed by a semi-quantitative RTteria were cultured in Luria Broth and on L-agar, with ampicillin PCR. RNA was reverse-transcribed using an RNase H -RT (50 µg/ml) if appropriate.
(Superscript II; Life Technologies, Gaithersburg, MD) according to the manufacturer's conditions. Briefly, 2.5 µg of RNA Immunizations were heated 10 min at 70°C, then mixed in a total volume of 25 All formulations were prepared under aseptic conditions. For µl containing 1 mM of each dNTP (Pharmacia Biotechnology, aluminum preparations, rSm28-GST or rTTc (100 µg/mouse) Orsay, France), 0.4 mM of random hexamers (pd(N)6; Pharmadissolved in sterile and apyrogenic 0.9% NaCl were mixed cia), 40 U of RNase inhibitor (Pharmacia) and 200 IU RT in with a stock dispersion of 2% (w/v) aluminum hydroxide reaction buffer supplied by the manufacturer. The mixture (Behring, Rueil, France) to yield a final concentration of was incubated for 1 h at 37°C and 5 min at 95°C, and 0.6% (w/v) aluminum. The same amounts of antigens were then frozen at -20°C until analysis. PCR were performed on emulsified (v/v) in complete Freund's adjuvant (CFA; Difco, resultant cDNA to amplify HPRT, IL-4, IL-10, IL-12 and IFN-γ. Detroit, MI). Mice were immunized s.c. or i.p. with 0.2 ml of All reactions were performed under the same conditions, these preparations.
except for primers and MgCl 2 concentrations and the number Stationary cultures of Salmonella strain SL3261 (pTech1-of amplification cycles, that were adjusted for each cytokine P28) were diluted in 0.9% NaCl and animals were injected (see Table 1 ). Table 1 , were syntheAntibody responses to Sm28-GST and to TTc were measured by standard ELISA techniques. Microtitre plates (Immulon II; sized with a Cycloneϩ DNA synthesizer (Millipore, France) or purchased from Genset (Paris, France). Amplifications Dynatech, Denkendorf, Germany) were coated with Sm28-GST, TTc (0.25 µg/well) or 0.5 µg of SL3261 Salmonella strain were performed in a thermocycler (MJ Research, Watertown, washing with PBS/0.1% Tween 20, supernatants were diluted 1/2 and added overnight at 4°C. After washings, 25-50 ng of and hybridized with 32 P-labeled probes for 18 h at 57°C in 0.5 M phosphate buffer, 7% SDS, 1% BSA and 1 mM biotin-conjugated antibodies was added per well for 90 min at room temperature. After additional washings, peroxidase-EDTA. Membranes were then washed extensively in 40 mM phosphate buffer, 5% SDS, 1 mM EDTA and radioactive labeled streptavidin was added for 1 h at room temperature. This was followed by washings and substrate addition. Supersignals were quantified with a PhosphorImager (Molecular Dynamics, Evry, France). To compare between different natants were compared with standard curves, generated by serial dilutions of recombinant IL-4 and IFN-γ (PharMingen, samples, the number of amplification cycles that allows us to obtain a linear correlation between radioactive signal intensity San Diego, CA). The sensitivity of these ELISAs ranged from 1 to 500 pg/ml for IL-4 and from 8 to 8000 pg/ml for IFN-γ. and input cDNA was defined for each cytokine as previously described (28) .
Positive and negative controls were included in each experiment. To correct for sample variations, cDNA for the houseResults keeping gene HPRT was initially quantified and a correction factor was applied to each sample. Signal intensities were Different adjuvants induce different isotype responses against then compared with those obtained for samples from control the same antigen mice and results were expressed as index of stimulation
In a first series of experiments, we examined whether different comparing to the control, arbitrarily considered as 1.
adjuvants would influence isotypic responses against Sm28-GST and TTc. We focused on IgG1 and IgG2a, since these Lymphocyte cultures isotypes are regulated by the T h 2 and T h 1 products IL-4 and Spleens and inguinal lymph nodes cells were isolated from IFN-γ respectively. Mice were immunized s.c. with antigens mice on day 8 after immunization, and cultured in a concentrain aluminum hydroxide or in CFA and rS. typhimurium was tion of 5ϫ10 6 cells/ml in RPMI 1640 supplemented with injected i.v. 10% FCS (Boehringer Mannheim, Meylan, France), 2 mM
Immunization with antigen alone did not induce any antibody L-glutamine and 25 mM 2-mercaptoethanol. Cells were stimuresponse. Immunization with aluminum hydroxide as adjuvant lated in triplicates with either 20 µg Sm28-GST, 20 µg conwith either antigen induced a specific IgG1 response and low albumin (as a negative control) or 5 µg concanavalin A levels of IgG2a (at the limit of detection of our test). In (Sigma, St Quentin, France) per ml. Supernatants from 72 h comparison, rS. typhimurium induced weak titers of specific cultures were collected and frozen until IL-4 and IFN-γ deterIgG1 and a strong IgG2a response. When Sm28-GST or TTc mination.
was administered in CFA, high titers of both specific IgG1 Lymphokine measurements by ELISA and IgG2a were observed, greater than those observed for immunization with aluminum hydroxide and rS. typhimurium Concentrations of IL-4 and IFN-γ were determined by ELISA. Clones producing mAb for detecting IL-4 (BVD-4 and BVD- 6) respectively. Results of a representative experiment, 28 days Results presented in Fig. 3 show that antibody responses sera titers for Sm28-GST (A) or TTc (B). The bar shows the first sera against all peptides were generated. Again, isotype profiles dilution that was tested by ELISA. One representative experiment out of six is shown. ND, not detectable.
were determined by the adjuvant formulation and were similar to those observed against the entire protein.
Cytokine expression in vivo correlates with isotype profiles after immunization, are shown in Fig. 1 . At this time point, we observed the highest antibody titers. However, the same To determine whether the observed isotype profiles correlate isotypic profile persisted from day 7 up to 4 months after with T h 1 and T h 2 cytokine expression, we studied by semiimmunizations (data not shown). Since IgG1 often associates quantitative RT-PCR IL-4 and IFN-γ mRNA expression in vivo in with IgE responses, we examined whether specific IgE antilymphoid organs draining the sites of immunizations (inguinal bodies were produced against Sm28-GST. Antigen-specific lymph nodes for s.c. immunizations, spleens for i.v. administraIgE antibodies first appeared on day 70 and continued to rise tion). For each cytokine, we have first determined PCR until day 130. This delayed response is probably due to the conditions to obtain a linear regression between the radiofact that single dose immunizations were done. As shown in active signals after PCR and the input amounts of cDNA. Fig. 2 , high IgE titers were observed in alum-immunized Each result was corrected to the corresponding level of mRNA animals, a weak IgE response with CFA and no detectable coding for the housekeeping gene HPRT and then expressed levels after immunization with rS. typhimurium.
as a stimulation index of control samples (see Methods). We next examined the possibility that the observed differ-
The cytokine profiles observed 6 days after immunization ences were due to the use of different routes of immunization are shown in Fig. 4 . In the draining lymphoid organs, we for rS. typhimurium (i.v.) and the adjuvants (s.c.). This possibilobserved an increase of mRNA coding for IL-4 when mice ity was eliminated since mice immunized i.p. with Sm28-GST were immunized with aluminum hydroxide (47-fold) and with in aluminum hydroxide or CFA (i.v. administrations of these CFA (44-fold), while no significant modification, compared formulations are lethal) demonstrate similar responses to those to the controls, was observed when rS. typhimurium was that were produced by s.c. immunization (data not shown).
administrated. In contrast, levels of mRNA coding for IFN-γ Together, these results suggest that the different adjuvant increased when mice were immunized with rS. typhimurium formulations used generate distinct T h responses that stimu-(50-fold) or Sm28-GST in CFA (110-fold), while a minimal late the expression of different isotype profiles against the increase in comparison to the control mice was observed in same antigen.
mice immunized with the antigen in aluminum hydroxide. Similar isotype profiles are observed against immunodominant Similar results were observed 10 days after immunization peptides of the Sm28-GST and were confirmed in separate experiments (Fig. 4) . When immunizations with aluminum hydroxide or CFA were perOne possibility explaining the different isotype profiles observed is that depending on the adjuvant or the live vector, formed i.p., IL-4 and IFN-γ mRNA expression in the spleen similar cytokine profiles when stimulated with antigen in vitro. These results further confirm that different type T h responses are induced when immunizing with the same antigen in different adjuvant formulations.
Early cytokine production in vivo
It has been suggested that early cytokine production may play a determinant role in immune response polarization. Especially, IL-12 by inducing and IL-10 by inhibiting IFN-γ production (14,32) would play important roles in polarizing the immune response towards a T h 1 or a T h 2 profile respectively. In addition, the possibility exists that early IL-4 and/or IFN-γ production by non-T cells polarizes the response. These considerations prompted us to study expression of mRNA coding for these cytokines 2, 8 and 24 h after immunization. The results are shown in Fig. 6 . IL-4 mRNA expression increased as early as 8 h and remained high 24 h after immunization in aluminum hydroxide. Increased IL-4 expression was not observed using the other protocols. For IFN-γ mRNA, no significant modification was seen after aluminum hydroxide immunization. In contrast, very high mRNA levels for IFN-γ were observed as early as 2 h after rS. typhimurium administration, and this high level expression persisted for 8 and 24 h. Also early expression of IFN-γ mRNA was observed in the CFA protocol, that dropped to baseline levels at later time points. In all protocols, we observed a very early increase in IL-12 mRNA expression, that decreases at later time points. 
Discussion
It is now accepted that the orientation of the immune response to a T h 1 or T h 2 profile may greatly influence disease outcome in several infectious and allergic conditions (7-9,22,33). was similar to that observed in lymph nodes after s.c. administration of the antigen (data not shown).
Therefore, an understanding of the mechanisms involved in immune response polarization would greatly improve immunoThese results show that specific antibody isotypes, IgG1 and IgG2a, strictly correlate with IL-4 and IFN-γ expression therapy and vaccination protocols to achieve maximum protection. It has been suggested that antigens have the potential respectively.
to polarize immune responses toward a T h 1 or T h 2 profile Cytokine production after specific antigen stimulation in vitro (19) (20) (21) (22) . Indeed, several in vitro studies have shown that allergens and parasite antigens selectively promote T h 2 cell To determine if cytokine profiles produced after specific antigen stimulation are similar to the ones observed after ex development, contrary to non-parasite antigens that tend to promote T h 1-like cytokine secretion (19). Since these studies vivo RT-PCR analysis, we carried out in vitro assays with the antigens. Draining lymphoid organs (inguinal lymph nodes were done with in vivo primed T cells, it is not clear whether the nature of the antigen or other factors present at the initiation and spleens) were removed from mice 7 days after immunization, and the cells were tested for their ability to produce IL-4 of the immune response are important for the polarization. In the present study, this question was examined directly and IFN-γ after stimulation with antigen. As shown in Fig. 5 , spleen cells of mice immunized with rS. typhimurium produced by immunizing mice with the Sm28-GST, a trematode parasite antigen, and TTc, a bacterial antigen, in different adjuvant significant levels of IFN-γ, when stimulated with either TTc or Sm28-GST, and no detectable levels of IL-4, while cells of formulations. Sm28-GST is of particular interest because is a major S. mansoni antigen and a promising vaccine candidate lymph nodes did not produce detectable levels of either cytokine. For CFA-immunized mice, lymph node cells pro- (24, 25, 34) . Our results show that both antigens do not demonstrate any polarizing capacity. In contrast, depending on the duced significant amounts of both IL-4 and IFN-γ. For alumimmunized mice, we also observed production of both cytoadjuvant, responses ranged from mixed to T h 1 or T h 2. How may adjuvants promote the development of different types of kines, but more IL-4 and less IFN-γ than for CFA. It is of interest that spleen cells from mice immunized s.c. produce immune responses? The possibility that different T h 1 or T h 2 epitopes were presented seems unlikely, since the Ig isotype T h responses. It has been proposed that dendritic cells, by their production of IL-12, may induce T h 1-like responses profiles against all three immunodominant epitopes of the Sm28-GST (30, 31) were similar to the ones recorded against (35, 36) . Conversely, macrophages may preferentially induce type 2 responses (37, 38) . This hypothesis does not explain the whole protein. Another possibility is that different APC are recruited, which by early cytokine production promote distinct our results since after s.c. immunization, where dendritic are capable of producing immunoregulatory cytokines such as IL-4, IL-10 and IFN-γ are of interest (43-46). Indeed, our results suggest that characteristic cytokine environments are expressed very early after antigen administration. In response to rS. typhimurium immunization, a substantial increase in IFN-γ mRNA expression was observed, as early as 2 h after immunization. Because IFN-γ expression is observed so early, it seems rather unlikely that de novo synthesized IL-12 stimulates its production. It is more likely that, in this system, IFN-γ is produced independently of IL-12 by NK cells stimulated in a non-specific way (47) or by other cell types. In fact, early IFN-γ and IL-12 production is probably physiologically relevant and contributes significantly to the protection of the host at it has been suggested by previous studies (11,40). The early IL-4 mRNA, that was observed in the aluminum hydroxide protocol, may be produced by cell types other than antigen-specific T h cells. In this regard, NK1.1 ϩ CD4 ϩ T cells or mast cells are possible candidates (43,48,49). Early IL-4 production may be important for the establishment of a T h 2 type of response, by inhibiting IFN-γ expression. This hypothesis is supported by the observation that early IL-12 mRNA expression in the aluminum hydroxide protocol was not followed by increased IFN-γ mRNA expression. It is noteworthy that IL-10 was not elevated in all protocols in early as well in later time points (data not shown). This observation implies that this cytokine is not essential in all systems for the establishment of T h 2 type of responses.
Previous observations, in polyclonally activated systems, have shown that in mice, IL-4 stimulates IgG1 and IgE, and ally, low in vivo mRNA expression and significant IFN-γ production was observed after in vitro stimulation of lymph nodes from aluminum hydroxide immunized animals. However, this IFN-γ is accompanied by strong IL-4 production (significantly higher than the one observed in the two other cells are the main APC (35,39), we observed T h 2 or mixed protocols) that dominates over IFN-γ and leads to the IgG1 responses. Furthermore, i.p. administration of the Sm28-GST and IgE production. It is of interest that in response to in aluminum hydroxide, where peritoneal macrophages are CFA immunization, high levels of both IL-4 and IFN-γ were mainly involved in presentation, generates responses similar expressed, and both IgG1 and IgG2a were produced. It will to the ones observed after s.c. immunizations. Also, like be interesting to determine whether or not different sets of T h others, we have found that S. typhimurium, that invades cells are producing these cytokines and if this mixed cytokine macrophages in the spleen, promotes a T h 1 response (40- profile persists following challenge immunizations. 42). Thus according to our results, there exists a possibility Our results suggest that protein antigens do not possess the that when aluminum hydroxide is administered s.c., other cell ability to polarize immune responses. However, this conclusion types, rather than dendritic cells, are recruited creating the cannot be extended to all protein antigens. Some protein appropriate milieu for T h 2 development. Alternatively, it is also antigens, whose activity interferes and modulates the function possible that, depending on the stimuli, the same APC of immunoregulatory molecules, may polarize immune produce different sets of early cytokines that drive the immune responses. For example, the major allergen, Der p1, has been response towards a T h 1 or T h 2 profile. In addition, depending shown to cleave CD23 (50, 51 
